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Abstract: In order to evaluate the need of controlling the temperature of water discharged from 
the Fenhe Reservoir, the reservoir water temperature distribution was examined. A 
three-dimensional mathematical model was used to simulate the in-plane and vertical distribution 
of water temperature. The parameters of the model were calibrated with field data of the 
temperature distribution in the Fenhe Reservoir. The simulated temperature of discharged water is 
consistent with the measured data. The difference in temperature between the discharged water and 
the natural river channel is less than 3  under ć the current operating conditions. This will not 
significantly impact the environment of downstream areas.     
Key words: three-dimensional mathematical model; reservoir water temperature; water 
temperature distribution; water temperature simulation; discharge; Fenhe Reservoir     
1 Introduction
The difference of temperature between reservoir water and a natural river channel will 
impact the water quality and ecology of the river. In order to obtain the temperature 
distribution in a reservoir and its degree of impact on the environment, it is necessary to 
simulate and predict the reservoir’s temperature. Reservoir water temperature has been 
studied since the 1930s. At present, a large number of one- and two-dimensional 
mathematical models have been developed and applied in actual projects, achieving some 
acceptable results. However, because the one-dimensional vertical temperature model does 
not consider the longitudinal changes of temperature, it is not applicable to longer reservoirs. 
A two-dimensional vertical temperature model can better simulate the temperature 
distribution; It can therefore be applied extensively in many reservoirs (Ferrarin and 
Umgiesser 2005; Jiang et al. 2000; Xiong et al. 2005; Deng et al. 2004), but it is empirical 
and not universal. The traditional depth- or width-averaged models of temperature 
distribution cannot accurately capture the temperature transport and mixing in 
three-dimensional flows, so it is necessary to simulate the temperature distribution with a 
three-dimensional model. Politano et al. (2008) used an unsteady three-dimensional 
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non-hydrostatic model to predict the temperature dynamics for the McNary Dam. The model 
took into account the short and long wave radiation and heat convection at the free surface. 
Unes (2008) developed a three-dimensional model that simulated the temperature 
distribution of a reservoir. Jing et al. (2002) used a three-dimensional model to simulate the 
temperature distribution of a large reservoir over a long period. Qiu et al. (1997) used a 
turbulence model to simulate the three-dimensional stratified flow. The simulation reflected 
the effect of non-homogeneous density and the computed results agreed with the 
experimental data. Ren et al. (2008) developed a three-dimensional mathematical model on 
the basis of analysis of the characteristics of large reservoirs and the regulation of water 
temperature distribution in the Three Gorges Reservoir. In addition, Ren et al. (2007) 
developed a simple and convenient three-dimensional temperature simulation model to 
shorten the amount of computer processing time in temperature field calculation for deep 
lake reservoirs. Liu (2004) used the MIKE3 model to simulate the temperature distribution. 
In this study, a three-dimensional turbulent model was used to simulate and calculate the 
temperature distribution of the Fenhe Reservoir, presently the largest reservoir in Shanxi 
Province. The Fenhe Reservoir has a total design storage of 0.721 km3 and a controlled drainage 
area of 5 268 km2. It is a Class II hydroproject mainly used for flood control, irrigation and 
power generation. The Fenhe Reservoir is located in a narrow valley and has a width ranging 
from 200 m to 2 200 m. It has a backwater with a maximum length of 18 km and a 32-km2 
backwater area with water flowing in mainly from the Fenhe River, Lanhe River and Jianhe 
River. The discharge is diverted by a power station (Fig. 1). The height, crest elevation, crest 
width, and length of the earth dam are 61.4 m, 1 131.4 m, 6 m, and 1 002 m, respectively. The 
sedimentation has already exceeded half of the storage capacity of the reservoir due to the high 
sediment concentration of the inflow. While the reservoir brings enormous social and economic 
benefits, it may also impact the ecological environment and water use downstream. Changes in 
water temperature may destroy the environment of natural aquatic animals, especially fish, and 
influence irrigation and domestic water use. In order to better develop and utilize water 
resources and improve reservoir efficiency, it is necessary to predict the temperature structure 
of the reservoir and take appropriate measures for temperature control. 
In the three-dimensional model, topography, meteorological conditions, and changes of 
density and water level are fully considered, so that simulation conditions accord with the 
actual conditions. The temperature distribution under different hydrological conditions was 
analyzed and the simulated results were verified with the measured data. The range of variation 
between discharge temperature and the natural river temperature under current operating 
conditions was determined according to the simulated results. This allowed us to evaluate the 
need for taking measures to control the discharge temperature. 
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Fig. 1 Layout of Fenhe Reservoir 
2 Numerical model 
2.1 Governing equations 
The governing equations are as follows: 
the continuity equation:  
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the convection-diffusion equation of temperature: 
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where ix  ( i=1, 2, 3) is the coordinate system, in which 1x  is the longitudinal direction, 2x  is 
the transverse direction, and 3x  is the vertical direction;  is the velocity component in the 
 direction;  is the time; 
iu
ix t U  is the density of water;  is the pressure; p tQ  is the turbulent 
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viscosity coefficient, which is equal to 
2
t
c kQ H
P , cP  is the empirical constant; ijG  is the 
Kronecker function; O  is the coefficient of molecular thermal diffusivity (W/(mć));  is the 
specific heat capacity (J/(kgć));  is the temperature;  is the turbulent energy; 
C
T k H  is the 
turbulent kinetic energy dissipation rate; ig  is the component of the gravitational acceleration 
in the  direction; ix E  is the volumetric expansion coefficient;  and  are the source 
items of the momentum equation and the 
mS TS
convection-diffusion equation, respectively; M  is the 
flux of solar radiation (W/m2) through the  plane; 3x 1cH , 2cH , kV , HV , and TV  are the 
empirical constants (Table 1); and 3cH  is the ratio of the velocity functions in the vertical and 
longitudinal directions: 33
1
tan
uc
uH
 , and 3 0cH   when the flow direction is perpendicular 
to the direction of gravity. 
Table 1 Empirical constants 
cP  1cH  2cH  kV  HV  TV  
0.09 1.44 1.92 1.0 1.3 0.9 
2.2 Numerical simulation 
The solution of the mathematical model employs the alternating-direction implicit (ADI) 
method for integration of the flow continuity equation and the momentum equation, whose 
mathematical matrix is solved with the double sweep method. 
2.3 Boundary conditions 
The boundary conditions of the three-dimensional model are: 
(1) The topographical boundary: According to the geometry of the Fenhe Reservoir, a 
rectangular grid is used to divide the reservoir area into units. The topography produced in this 
way should accord with the characteristic curves of water-storage capacity. 
(2) The heat exchange boundary: The heat exchange at the reservoir surface generated by 
outside temperatures and solar radiation should be determined. In particular, such data as 
temperature, humidity and precipitation during the simulation year should be collected.  
(3) Upstream boundary conditions: The inflow and temperature of every month of the 
simulation year should be determined.  
(4) Downstream boundary conditions: The reservoir operation schedule and outflow for 
the simulation year should be determined. 
(5) The resistance boundary of the river bottom: Because the gradient of the riverbed is a 
constant, the resistance coefficient of each grid cell, which is determined by the roughness of 
the riverbed, is a constant. 
(6) The wind speed and wind direction of every month of the simulation year should be 
determined from measured data. 
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3 Parameter calibration 
In order to calibrate model parameters, the temperature distribution of the Fenhe 
Reservoir was monitored at the end of April and July of 2008. The measurement points were 
arranged on three perpendicular lines in five sections in the range of 6 km in front of the dam. 
The results are presented as weighted averages of the data measured at the three 
perpendiculars in a section.  
The temperature distribution of May, June and July of 2008 was simulated. The initial 
temperature field was chosen according to the measured value of 9.5ć from the 28th of April, 
2008. Some boundary conditions for temperature distribution simulation from May to July of 
2008 are shown in Table 2. The parameters were calibrated by comparison of simulated and 
measured values at the end of July. 
Table 2 Boundary conditions for temperature simulation from May to July of 2008
Month Monthly mean inflow temperature ( )ć  
Monthly mean inflow 
(m3/s) 
Monthly mean outflow 
(m3/s) 
Monthly mean water 
level (m) 
May 10.9  7.86 10.72 1 120.36 
June 14.8 14.32 9.39 1 119.88 
July 17.9 11.59 6.46 1 120.63 
Fig. 2 shows the vertical temperature distribution in sections 1, 2, and 3 of the Fenhe 
Reservoir, which are located, respectively, 0.98 km, 2.33 km, and 3.58 km in front of the dam, at 
the end of July, 2008. The simulated results and the measured data were compared. 
Fig. 2 Comparison of temperature distribution in sections 1, 2, and 3 at end of July, 2008 
As seen from these figures, the vertical distribution of the water temperature simulated 
in each section follows a distribution pattern similar to the measured result, but the 
simulated value is lower than the corresponding measured data at the surface. The cause of 
this phenomenon is as follows: the field monitoring was always carried out at noon, when 
the temperature at the surface reached 25 , while the monthly mean temperature of ć the 
inflow boundary, which averaged the daily solar radiation for the length of the simulation, 
was only 17.9ć, so the simulated value is lower than the corresponding measured value. 
The agreement between the measured data and simulated results of the temperature 
distribution validated the model’s applicability. The parameter values of the model after 
calibration are shown in Table 3. 
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Table 3 Main parameter values of model 
Sun constant 1)Horizontal diffusion 
coefficient 
Vertical diffusion 
coefficient 
Light absorption 
coefficient 
Light extinction 
coefficient a b 
Wind 
coefficient 2)
0.2 2 0.6 0.5 0.295 0.375 0.9 
Note: 1) sun constant was determined by Angstrom’s law; 2) wind coefficient was determined by Dalton’s law. 
4 Results and discussion 
4.1 Calculation conditions 
After calibration, the model was adopted to simulate the temperature distribution of 
the Fenhe Reservoir in 1985, a normal year with a runoff probability P of 50%. There are 
two difficulties in simulating the temperature of the Fenhe Reservoir. One is the formation 
of a distorted cone region (70 m long, 55 m wide, and with a maximum depth of 15.2 m) 
due to serious sedimentation. The other is the influence of water diversion from the Yellow 
River to the Fenhe River on water temperature distribution in the reservoir, which, due to 
the high sediment concentration in water from the Yellow River, produces density flow in 
front of the dam. 
Based on elevation data provided by the Fenhe Reservoir Administration Bureau, we 
made a topographical map. The rectangular grid system was adopted for partition of the 
calculation range, and the calculation range of the reservoir mainly consisted of the 
backwater area (about 10 km upstream of the dam). Based on the mean value of the monthly 
water level, the vertical grid size was set at 1 m in each layer; the maximum layer number 
was 31, and the minimum layer number was 20; the horizontal grid was 100 m×100 m, the 
maximum number of cells being 11 076 and the minimum number of cells being 2 110; the 
length of time steps was 60 seconds; and the simulation period was a full year.    
The meteorological conditions adopted in the simulation were obtained by statistical 
average of the long-term measured data of the Loufan weather station, which are shown in 
Table 4. 
Table 4 Statistical data from Loufan weather station 
Month Temperature (ć) Rainfall (mm) Month Temperature (ć) Rainfall (mm) 
 January 8.0 1.8 July 21.7 101.9 
 February 5.1 4.2 August 19.8 105.4 
March 1.4 9.2 September 14.4 65.3 
April 9.7 20.5 October 8.5 27.6 
May 16.4 36.8 November 0.3 10.3 
June 20.1 56.7 December 6.5  2.0 
The heat exchange in the water during the freezing and thawing period was not 
considered, and 0  ć was assumed to be the boundary of the water temperature during the 
freezing period. The monthly mean temperature of inflow to the Fenhe Reservoir was 
calculated by means of weighted statistical methods with the data obtained from the Jingle 
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station and Shangjingyou station. The calculated inflow water temperature and monthly 
mean inflow to the Fenhe Reservoir for the normal year are shown in Table 5. The average 
inflow and the runoff to the Fenhe Reservoir for the normal year are 8.3 m3/s and 0.26 km3, 
respectively. The calculated monthly mean outflow from the Fenhe Reservoir for the normal 
year is shown in Table 6. The average outflow and the runoff from the Fenhe Reservoir for 
the normal year are 4.86 m3/s and 0.15 km3, respectively.   
Table 5 Monthly mean water temperature and mean inflow to Fenhe Reservoir in 1985 
Month Water temperature of inflow (ć) 
Monthly mean 
inflow (m3/s) Month 
Water temperature 
of inflow (ć) 
Monthly mean 
inflow (m3/s) 
January  0.1  1.25 July 18.8  8.41 
February  0.1  2.50 August 17.4 14.70 
March  0.1  5.08 September 11.8 26.10 
April  3.9  5.44 October  6.1 10.00 
May 12.1 15.40 November  0.1  4.74 
June 15.4  3.86 December  0.1  2.07 
Table 6 Monthly mean outflow from Fenhe Reservoir in 1985 
Month Monthly mean  outflow˄m3/s˅ Month 
Monthly mean 
outflow˄m3/s˅ Month 
Monthly mean 
outflow˄m3/s˅ 
January 0.03 May 4.02 September 0.07 
February 0.04 June 3.97 October 0.05 
March 31.10 July 7.81 November 7.53 
April 9.77 August 0.02 December 0.06 
4.2 Simulation results
The initial temperature field in early May was chosen to be 10ć, according to the 
measured value of 9.5ć from April 28, 2008 and the monthly mean temperature of 12.1ć 
from May, 1985. The calculation’s starting time was May 1. The initial state was a uniform 
temperature field with a temperature of 10ć. The linear interpolation algorithm was used to 
calculate the flow rate and water temperature at the boundaries. The vertical distribution of 
monthly mean water temperature in the reservoir area was obtained along the central line of 
the longitudinal profile. We drew graphs for January, April, July and October of 1985 to serve 
as typical examples. 
In January, the reservoir water level was 1 116 m, the maximum depth in front of the dam 
was 26 m, the scouring funnel had a depth of 15 m, and the actual maximum depth of the 
reservoir was 11 m. As can be seen in Fig. 3, the reservoir showed a typical stratification of 
water temperature. Because of lower air temperature and colder water inflow, the surface of 
the reservoir froze. However, a thermocline existed 1-4 m below the water surface and the 
water temperature rose from 1.1  to ć 3.6 . ć A constant temperature of 3.7ć existed 4 m 
below the surface. The monthly mean water temperature of the outflow was 3.75 .ć  
In April, the reservoir operated with a low water level, whose actual maximum depth was 
only 5 m, and the water temperature distribution in the reservoir was completely mixed (Fig. 4). 
The water temperature in front of the dam reached 8ć due to solar radiation, while the water 
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temperature in the reservoir tail was lower because the monthly mean temperature of inflow 
was only 3.9 . The monthly mean temperature of outfloć w in April was 8.32 , higher than ć
the temperature of inflow, so it was beneficial to the environment downstream. 
Fig. 3 Water temperature distribution in January of 1985 
Fig. 4 Water temperature distribution in April of 1985 
In July, the operating level rose to 1 113 m due to an increase in water inflow. At this time, 
the actual maximum depth of the reservoir was 8 m. There was stratification of water 
temperature in front of the dam (Fig. 5). The temperature of the surface layer (within a depth 
of about 3 m) reached 20ć. A thermocline existed 3-5 m below the water surface, and there 
was a constant temperature of 17  below 5ć  m. The monthly mean water temperature of the 
outflow was 17.17  in July, which was 1.6  lower than ć ć the water temperature of the inflow 
from upstream. Thus, the temperature would not significantly influence the ecological 
environment downstream. 
Fig. 5 Water temperature distribution in July of 1985  
In October, the storage level rose to 1 121 m and the actual maximum depth was 16 m. 
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Because the season had changed, the temperature of the inflow decreased. The distribution of 
the water temperature changed after that. The water temperature mixed clearly and reached 
7-8  due to the changes in ć the surface layer and the deep layer (Fig. 6). The hot water in the 
reservoir was discharged by the drive of colder inflow and the outflow had a mean temperature 
of 8.1ć, which was 2  higher than ć that of the inflow. 
Fig. 6 Water temperature distribution in October of 1985 
The vertical water temperature distribution in the normal year is shown in Fig. 7. The 
results indicate that the reservoir maintain steady stratification of temperature during the 
summer and winter. 
Fig. 7 Vertical temperature distribution in front of dam in each month 
The surface layer of the reservoir froze in December, January and February. Ice thickness 
was about 0.5 m, and the water temperature rose rapidly with increasing depth below the ice. 
The water temperature was about 1.3ć at a depth of 1 m, and about 3ć at a depth of 3 m. 
There was a constant temperature of 3.8-4ć below 5 m. A clear thermocline existed 1-5 m 
below the water surface, as observed from the vertical stratification. In March, the ice of the 
reservoir warmed up and the vertical temperature structure gradually mixed. 
The operating water level of the reservoir in April, May and June was low because a 
substantial amount of water was discharged during this period. Therefore, solar radiation and 
temperature directly affected the bottom of the reservoir, causing the vertical temperature 
structure to mix completely. The water temperature in front of the dam reached 8.3ć in April, 
11.8ć in May, and 15ć in June. 
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In July, with the influence of high water temperature on the boundary, a stratified 
phenomenon of an upper and lower zone appeared in the reservoir. However, the water 
temperature of the deep layer was higher when the water storage capacity was smaller. It 
therefore lessened the stratification. The water temperature at the reservoir surface was 20ć, 
while the water temperature at the reservoir bottom was 17.5ć. 
The cooling period began in August. The weak stratification of the reservoir 
disappeared gradually, and water temperature tended to mix in the vertical direction. The 
water temperature at the reservoir surface was 17.3ć, while the water temperature at the 
reservoir bottom was 16.8ć. 
The water level rose in September and October. The reservoir started rolling at the same 
time, so the water temperature structure re-mixed. The water temperature in front of the dam 
reached 12ć in September and 7.9ć in October. 
The air temperature and water temperature decreased significantly in November, so the 
water temperature showed stratification again. The water temperature at the reservoir surface 
was between 2ć and 3ć, while there was a constant temperature of about 4.3ć below 3 m. 
Fig. 8 compares the monthly mean water temperature of the natural river channel and the 
reservoir outflow, and the two curves demonstrate a similar trend. From May to August, the 
temperature of discharged water was lower than that in the natural river channel, and the 
maximum difference was less than 3ć, which would not have a great impact on downstream 
areas. The temperature of discharged water was higher than that of the inflow water in other 
periods of this year, which would be beneficial to the downstream ecological environment. 
Fig. 8 Comparison of monthly mean water temperature of reservoir inflow and outflow water 
5 Conclusions 
(1) A three-dimensional numerical model was employed to simulate the distribution of 
water temperature in the Fenhe Reservoir using a long-term hydrologic data series as well as 
measured data of reservoir water temperature in 2008. Results of model validation and 
parameter calibration show that the model is applicable for long-term simulation of a large 
drainage basin. 
(2) As we can see from the simulation of the normal year, the Fenhe Reservoir shows 
temperature stratification in the summer and winter. The temperature difference between the 
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inlet and the outlet was 1.6  in ć the summer and 3.6  in ć the winter. In the autumn and spring, 
the water temperature of the reservoir mixed and there was a constant water temperature 
across different depths. 
(3) The results showed that in 1985 the temperature of the reservoir outflow was the 
lowest in March, only 2.4 , but ć this was higher than the natural inflow temperature, which 
was 0.1 . ć The temperature difference between the inlet and the outlet was 1.6  in ć the 
summer, which was less than 3ć, and would therefore not significantly influence the 
downstream ecological environment. 
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